Heart failure patients are routinely given ␤-adrenoceptor antagonists (␤-blockers), although the mechanism(s) underlying their beneficial effects is not fully resolved. It is not entirely clear how long-term application of negative inotropic compounds improves cardiac performance, slows remodeling processes, and decreases mortality. All ␤-blockers, which produce a beneficial effect in heart failure, have in common a high degree of lipophilicity and, therefore, have the ability to cross the blood-brain barrier. Here, we show that blockade of ␤-adrenoceptors directly in the brain (chronic intracerebroventricular administration of metoprolol) attenuates the progression of left ventricular remodeling in a rat model of myocardial infarction-induced heart failure. These results provide the first direct evidence that the action of certain ␤-blockers in the brain could contribute to their beneficial effect on the failing heart.
M ortality associated with heart failure (HF) still remains high, despite considerable achievements in medical therapy, device technology, and cardiac surgery. The use of ␤-adrenoceptor (␤-AR) antagonists (␤-blockers) pioneered in the 1970s for the treatment of arterial hypertension became one of the most important advances in HF therapy. 1, 2 The efficacy of 3 ␤-blockers, bisoprolol, carvedilol, and metoprolol, in HF treatment have been demonstrated in large placebo-controlled clinical trials. [3] [4] [5] These studies have revealed a reduction in the number of deaths from worsening HF in patients treated with carvedilol and metoprolol resulting from an improvement in left ventricular (LV) function and a delayed progression of LV remodeling. 3, 4 In contrast, bisoprolol decreased mortality mainly by preventing sudden cardiac death, 5 whereas several ␤-blockers (eg, bisindolol and others) have been found to be insufficiently effective to be used in HF therapy. 2 A number of mechanisms explaining variable effects of ␤-blockers in HF patients have been proposed (including polymorphism in the genes encoding ␤-ARs, modulation of systemic neurohormonal activity, antagonism of the toxic actions of norepinephrine on the myocardium, favorable effects on myocardial energetics, etc). 2, 6, 7 Interestingly, it appears that the ␤-blockers, which produce a beneficial effect in HF, all have in common a high degree of lipophilicity and, as a result, have the ability to cross the blood-brain barrier. 2, 8 Beneficial actions of certain lipophilic ␤-blockers in preventing ventricular fibrillation have already been attributed to their possible action within the brain. 9 We, therefore, suggested that the favorable effects of ␤-blockers in HF may be attributable, at least in part, to their central nervous system (CNS) effects. To test this hypothesis, we infused metoprolol (a ␤ 1 -blocker widely used in HF therapy) directly into the brain and determined the effect of this treatment on the progression of LV remodeling after myocardial infarction (MI) in rats.
Materials and Methods
MI in rats was induced using a permanent coronary occlusion (CO) technique. 10 Metoprolol was given into the third cerebral ventricle (ICV) 48 hours after the MI and twice daily thereafter for 6 weeks. The rats were randomized into 5 groups: 1 mL] intraperitoneally). Hemodynamic studies were performed 6 weeks after the surgery. Arterial pressure, heart rate (HR), LV pressure, the maximum rate of rise of LV pressure (LV dP/dt max ), LV end-diastolic pressure were recorded under urethane (1.5 g/kg) anesthesia. At the end of the hemodynamic studies, LV pressure-volume relationships, LV volume, and LV infarct sizes were determined. In separate experiments in control rats, the effects of metoprolol applied ICV or into the specific hypothalamic and brain stem regions on HR were determined. Distribution of ␤ 1 -ARs in the brain stem regions involved in cardiovascular control was evaluated using specific antibodies. Data (meansϮSEM) were compared by ANOVA, followed by the Tukey-Kramer's post hoc test to determine the main group effect. Values of PϽ0.05 were considered to be significant. An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results and Discussion
LV remodeling is defined as progressive loss of ventricular function along with LV dilatation. 11 In this study, rats from all post-MI groups were assigned into 2 groups (those with small infarcts [Յ30%] and those with large infarcts [Ͼ30%] representing patients with different degrees of ischemic myocardial damage). Progression of LV remodeling and development of HF in rats is associated with elevated LV end-diastolic pressure, increased LV volume, and a shift to the right of the LV pressure-volume relationship curve (greater LV volume at any given LV pressure) ( Figure 1 ). These data are consistent with previous observations in rats. 10, [12] [13] [14] In rats with small infarcts, ␤-AR blockade in the brain maintained nearly normal LV end-diastolic pressure (Pϭ0.008 compared with values obtained in post-MI animals treated ICV with aCSF), LV volume to LV weight ratio (Pϭ0.005 in comparison with post-MI/aCSF group) and prevented the right shift of the LV pressure-volume curve ( Figure 1A) . In rats with large infarcts, metoprolol attenuated the rise in LV end-diastolic pressure (Pϭ0.047, compared with post-MI/aCSF group), although changes in LV geometry and LV pressure-volume relationships were unaffected ( Figure 1B ). There were no differences between experimental groups with comparable infarcts in heart weights and hemodynamic variables examined ( Table I in the online data supplement).
Metoprolol given systemically in this exact dose (25 g) was completely ineffective (Figure 1 ), excluding the possibility that when infused into the third cerebral ventricle, it was "leaking" out of the brain and exerting its beneficial action at some peripheral target(s). This result was somewhat predictable because the amounts of metoprolol given in this study were at least 1000 times lower than the doses required to attenuate LV remodeling in HF rats during chronic systemic administration. 14 We conclude, therefore, that attenuation of LV remodeling occurs when metoprolol is acting at the sites located within the brain. The effect of central nervous ␤-AR blockade appears to be more prominent when ischemic myocardial damage is less severe. These results correlate well with the recent clinical data indicating that metoprolol is highly effective in patients with asymptomatic LV systolic dysfunction. 4 Development of HF is associated with an increase in the activity of the sympathetic nervous system, 6, 15, 16 which is believed to be maladaptive and detrimental, contributing to the progression of LV remodeling. 6, 17 Therefore, we determined whether ␤-AR blockade in the brain has an effect on sympathetic outflow to the heart. We analyzed metoprolol-induced changes in HR following systemic pretreatment with atenolol, a hydrophilic ␤ 1 -blocker with a limited ability to cross the bloodbrain barrier, 8 or the M-cholinoreceptor antagonist atropine. It was found that the magnitude of the decrease in HR evoked by injection of metoprolol into the brain was not affected in conditions when parasympathetic input to the heart was interrupted by atropine (Figure 2A) . In contrast, when sympathetic drive was blocked by atenolol, metoprolol had no effect on HR (Figure 2A) , indicating that blockade of ␤-ARs in the brain decreases sympathetic outflow to the heart.
To reveal the putative site(s) of ␤ 1 -blocker action within the brain, we microinjected metoprolol into the main hypothalamic and brain stem structures involved in cardiovascular control ( Figure 2B) . A significant decrease in HR was observed only when metoprolol was injected into the caudal part of the medullary nucleus of the solitary tract (cNTS) ( Figure 2B and 2C) . Metoprolol injected into the paraventricular nucleus of the hypothalamus, anterior hypothalamus, rostral NTS, nucleus ambiguus, raphe nucleus, area postrema, dorsal motor nucleus of the vagus nerve, or rostroventrolat- eral medulla had no effect on HR. The presence of ␤ 1 -ARs in the cNTS was confirmed immunohistochemically ( Figure 2D and 2E).
The data demonstrating the importance of the brain mechanisms in progression of HF have been reviewed recently. 16 This study is from the same genre; it provides the first direct evidence that an action of ␤-blockers within the CNS could contribute to their beneficial effect on the failing heart. The decrease in sympathetic outflow to the heart following blockade of ␤ 1 -ARs in the CNS seems particularly significant because detrimental sympathetic activation is believed to play an important role in the pathophysiology of HF. The cNTS is one of the possible sites of ␤-blockers action. Taken together, this study demonstrates the existence of previously unrecognized central nervous ␤-AR mechanism, the blockade of which is beneficial in HF, and may help to identify novel therapeutic strategies for HF treatment aimed at targeting sites within the brain. An expanded Discussion section is available in the online data supplement. 
